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Abstract 

In this study, the subsurface storage and transport of a Dense Non-Aqueous Phase 

Liquid (DNAPL), tricholoroethylene (TCE), was studied using a numerical model.  Poor 

handling and disposal of chlorinated solvents like TCE have produced numerous 

DNAPL-contaminated sites that contribute to long term contamination of groundwater.  

In the subsurface, DNAPLs can pool atop low permeability layers, and despite efforts to 

remove or destroy the majority of pooled DNAPL, a fraction of the mass can move by 

diffusion into the low permeability layer and then by back diffusion act as a secondary 

contamination source for decades.  Recent studies have found evidence that cracks can 

exist in low permeability layers within aquifers.  These cracks might be natural or be the 

result of pooled DNAPL.  In either case, the cracks may allow significantly more 

DNAPL mass to enter the low permeability zones than by diffusion alone.  Sievers 

(2012) developed a model that accounted for the presence of DNAPL in cracked low 

permeability zones, and found that the resulting dissolved contaminant plume in the high 

permeability zone could persist for many decades.  Sievers (2012) model simulations 

showed that the rate of mass transfer from the DNAPL phase to the dissolved phase was a 

critical parameter that controlled plume persistence.   While Sievers (2012) modeled the 

DNAPL dissolution rate as a constant, others have shown the rate is a decreasing function 

of time.  In this research study, we model the DNAPL dissolution rate as both a constant 

and as a function of time.  We apply both models using parameters and conditions 

applicable to a real world site.  This study found that in the case of the time varying rate 

of mass transfer from the DNAPL to the dissolved phase, because the rate decreases with 
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time, more DNAPL mass persists in the low permeability zone compared to when the rate 

is modeled as constant.  This results in more persistent dissolved plumes in the high 

permeability zones, with higher dissolved concentrations.  Furthermore, we found that 

downgradient dissolved contaminant concentrations and mass of DNAPL stored in the 

low permeability zone as a function of time are very dependent on the parameters used to 

simulate source dissolution, which further depend on both source and site characteristics, 

pointing to the need for good source zone characterization. 
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Accounting for Mass Transfer Kinetics when Modeling the Impact of Low 
Permeability Layers in a Groundwater Source Zone on Dissolved Contaminant Fate 

and Transport 

1. Introduction 

1.1 Background 

Chlorinated solvents, like tetrachloroethylene (PCE) and trichloroethylene (TCE), 

have been widely used as cleaning agents by industry and the Departments of Defense 

(DOD).  Improper disposal of these chemicals has resulted in extensive groundwater 

contamination.  Prior to the institution and enforcement of proper disposal methods, 

chlorinated solvents were dumped into unlined waste pits, poured down sanitary sewer 

systems, and partially burned in fire training pits.  Poor handling and disposal of 

chlorinated solvents have produced numerous contaminated sites across DOD and 

commercial industry.  The United States Environmental Protection Agency (EPA) (2013) 

estimates that over 60% of the sites at which they have mandated cleanup efforts 

(Superfund sites) are contaminated with chlorinated solvents.  The dangers posed by 

these sites, according to the EPA (2013), are that they can contaminate nearby 

groundwater and that people who ingest the contaminated water drastically increase their 

risk for developing liver problems and cancer.  The EPA has set the maximum 

contaminant level (MCL) for TCE in drinking water, the contaminant of interest in this 

study, at 5 parts per billion, or 5µg/L.  Chlorinated solvents like TCE, PCE, and 1,1,1-

trichloroethane (1,1,1-TCA) are also known as chlorinated aliphatic hydrocarbons 
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(CAHs).  CAHs like TCE have solubility concentrations as high as several g/L, 

exceeding MCLs by as much as six orders of magnitude.  

Chlorinated solvents move down through soils as a dense separate phase 

immiscible liquid or dense nonaqueous phase liquid (DNAPL) after they are intentionally 

or accidentally disposed onto the ground.  DNAPLs have a specific gravity greater than 

water; consequently when they reach the water table, they continue to sink in the aquifer.  

Upon its release into the subsurface, the contaminant moves through the porous media 

due to gravitational and capillary forces, leaving behind disconnected blobs and small 

amounts of residual DNAPL, called ganglia. The ganglia can remain in the pore spaces 

between solids in the aquifer.  

DNAPL will also settle as pools on top of lower permeability layers.  The 

DNAPL can dissolve and move by diffusion into the layer over time.  Frequently, 

however, the low permeability layer will be fractured, either naturally or due to the 

presence of the DNAPL itself (Sievers, 2012).  The DNAPL can then move into the 

fractures, either as a dissolved phase chlorinated aliphatic hydrocarbon (CAH) or as a 

separate phase DNAPL.  For the remainder of this study, we will refer to the dissolved 

phase as a CAH and the separate phase as a DNAPL.  Dissolved and separate phase 

contaminant in these low permeability layers may function as long lasting contaminant 

sources, even after the bulk of contamination in the aquifer may have been remediated 

(AFCEE, 2007).  Thus, DNAPL in these low permeability layers can dissolve and diffuse 

into nearby flowing groundwater, continuing to contaminate downgradient drinking water 

sources decades after source removal in the overlying aquifer (Sievers, 2012).  
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Contaminant plume sizes vary according to the initial mass of contaminant present, 

contaminant properties (e.g., solubility), and aquifer characteristics.  Figure 1 shows 

DNAPL moving into the subsurface, through the higher permeable layers, gathering into 

pools, and entering the fractures in the low permeability layer. 

 

Figure 1: Illustration of contaminant movement within subsurface and low permeable matrix (after 
Kueper & Davies, 2009) 

 Often, during source zone remediation multiple technologies are utilized to 

remove or destroy the DNAPL residual and pools.  Typically, these source remediation 

efforts will focus on DNAPL in high permeability zones.  However, technologies that 

target high permeability zones do not address contaminants that are also found within 

cracks in the low permeability layers as either a dissolved CAH or a separate phase 

DNAPL, or in the low permeability matrix itself as a CAH.  The contaminant in the low 

permeability zones can continue to act as a long-term contaminant source, contributing to 
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contaminant levels well above the MCL, even after remediation of the bulk of 

contamination in the high permeability zones (Sievers, 2012).  

The low permeability layers are typically modeled as competent, homogenous, 

formations, and transport of contaminant into the layers is modeled as Fickian diffusion. 

The diffusion coefficient in Fick’s law accounts for the tortuosity of the low permeability 

layer and retardation due to contaminant sorption in the solid particles within the layer 

(Parker et al., 2008).  Recently, however, the applicability of this Fickian model has been 

questioned, and the potential for enhanced transport in these low permeability layer is 

being studied (Sievers, 2012).  

An ongoing Strategic Environmental Research and Development Program 

(SERDP) project is investigating the impact of DNAPL contamination in low 

permeability layers on contaminant plume evolution and persistence (Demond, 2010).  In 

particular, the research project is focused upon the effect of cracks (both naturally 

occurring and due to the presence of the DNAPL pool itself) in the low permeability zone 

on the dissolved contaminant plume.  As part of the research project, a team at the 

University of Michigan is conducting experimental studies to investigate the formation of 

cracks due to the presence of a DNAPL pool, as well as the diffusive transport of 

dissolved contaminant into the low permeability layers.  Also, as part of the SERDP 

study, Sievers (2012) investigated the characteristics and occurrence of naturally 

occurring cracks.  Sievers (2012) developed a model to assess the impact of DNAPL 

transport into a cracked low permeability zone on plume persistence and found that the 

rate of mass transfer of DNAPL from the cracks into the dissolved phase was a critical 
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process that affected dissolved plume longevity.  For simplicity, Sievers (2012) modeled 

the rate of mass transfer using a constant first-order rate coefficient.  However, other 

research has shown that the mass transfer coefficient changes with time (Christ et al., 

2006; Zhu and Sykes, 2003; Parker and Park, 2004).  Given the significance of the mass 

transfer rate on plume evolution and persistence, as was found by Sievers (2012), an 

important research endeavor would be to develop a realistic model of mass transfer from 

the DNAPL to the dissolved phase as a function of time, and simulate its effect on 

dissolved plume evolution and persistence. 

1.2 Research Objective 

The primary objective of this research is to gain a better understanding of CAH 

plume evolution and persistence.  This goal will be approached by attempting to model 

how the rate of mass transfer from DNAPL in cracked low permeability layers to the 

dissolved phase changes over time. Given the importance of the rate of DNAPL mass 

transfer on dissolved plume evolution and persistence, this research effort will attempt to 

better simulate DNAPL mass transfer kinetics.  Sievers (2012) developed a model that 

simulated DNAPL in cracked low permeability layers, with dissolution of the DNAPL 

governed by first-order kinetics with a constant first-order rate coefficient.  In the current 

study, this model will be extended to more realistically allow the DNAPL mass transfer 

kinetics to vary in time.  The model will be analyzed by applying it to a real world site 

using literature values. 
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1.3 Research Questions 

1. How is the down gradient concentration vs. time (breakthrough) different for the 

two models (constant mass transfer rate coefficient vs. a mass transfer coefficient 

that’s a function of time)?  

2. For realistic site conditions, how long will significant down gradient contaminant 

concentrations persist after DNAPL removal from an aquifer, if DNAPL is not 

removed from the low permeability layer underlying the aquifer? 

3. What model parameters cause the down gradient contaminant plume 

concentration to change the most; that is what parameter has the greatest impact 

on contaminant down gradient concentration?   

1.4 Research Methodology   

1. A literature review will be conducted to determine (1) the various sub models that 

may be used to simulate the change in DNAPL mass transfer coefficient with 

time, and (2) hydrogeological and contaminant characteristics of “typical” sites 

that have DNAPL pools atop low permeability layers.    

2. Based upon the literature review, an appropriate time dependent mass transfer sub 

model will be chosen and incorporated into the Sievers (2012) model.  A 

comparison of down gradient contaminant plume concentration versus time 

(breakthrough) curves will be simulated by the two models (constant mass 

transfer rate coefficient vs. a mass transfer coefficient that’s a function of time). 
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3. The model will be applied using realistic site data obtained from the literature 

review of “typical” sites, to simulate contaminant plume evolution and persistence 

resulting from DNAPL in cracked low permeability layers.   

4. A sensitivity analysis will be conducted by changing parameter values and 

analyzing results to determine what parameters have the most impact on down 

gradient contaminant plume concentrations. 

1.5 Scope and Limitations of Research 

The modeling performed in this research explores highly idealized systems to 

examine the possible impact of the mass transfer coefficient on subsurface plume 

evolution.  The model developed in this study is to be used to help us gain a qualitative 

understanding of DNAPL plume behavior, not as a tool to predict contaminant 

concentration distribution at any particular site. The values for simulations are based on 

common values and trends found in the literature.  This model makes assumptions similar 

to those made in Sievers (2012) study: (1) no degradation or sorption of the contaminant, 

(2) the subsurface material properties in each layer are homogeneous with respect to 

space and time, (3) steady state flow, and (4) the effect of vertical cracking in the low 

permeability layer on flow can be effectively simulated by an increase in vertical 

hydraulic conductivity.  This research study will use GMS modeling software, modified 

to account for mass transfer dissolution kinetics varying with time. 
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1.6 Summary 

Past disposal practices have led to groundwater contamination by chlorinated 

solvents.  These solvents have been shown to cause cancer, liver problems, and other 

harmful effects when ingested by humans.  Remediation efforts have attempted to 

remove these chemicals from the soil at numerous contaminated locations; however they 

remain at many sites.  Although remediation technologies may be successful in removing 

contaminant mass from highly permeable zones, it has proved difficult to address 

contamination in low permeability zones.  In particular, modeling by Sievers (2012) has 

demonstrated that cracks in these low permeability zones may allow storage of a 

significant mass of DNAPL, resulting in contamination levels in plumes of dissolved 

CAH above MCLs for decades.  In her study, Sievers (2012) found the DNAPL 

dissolution rate, which she assumed was constant over time, to be a controlling parameter 

when modeling the persistence of down gradient contaminant concentrations.  Other 

researchers have modeled the DNAPL dissolution rate as a function of time (Christ et al., 

2006; Parker and Park, 2004; Clement et al, 2004; Zhu and Sykes, 2003).  In this research 

effort, we will modify the Sievers (2012) model to incorporate a DNAPL mass transfer 

rate that varies with time and apply the modified model using parameters and conditions 

applicable to a real world site.  In the following section, we review literature dealing with 

DNAPL dissolution kinetics.  We also investigate real world sites that may be applicable 

(based upon our model assumptions) for use as case studies for us to simulate.  . 
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2. Literature Review 

2.1 Overview 

This section presents literature on previous research efforts relevant to DNAPL 

dissolution mass transfer kinetics.  Studies of DNAPL contaminated sites which might be 

appropriate to model are also reviewed.   Understanding the processes that govern 

contaminant transport in an aquifer is crucial in setting and achieving remediation goals 

to reduce risks associated with CAH-contaminated groundwater.  As discussed earlier, 

gravity forces move DNAPL down through porous media until it forms pools atop low 

permeability layers. Non-wetting DNAPLs can move through large pores in higher 

permeability areas and into cracks existing in lower permeability layers or bedrock 

(Kueper & Davies, 2009). Pools of DNAPL can dissolve into flowing groundwater, 

diffuse into the low permeability matrix, enter cracks in the low permeability zone as 

DNAPL and ultimately create plumes extending from the source zone that can spread for 

miles.  Miniter (2011) modeled the diffusion of a DNAPL source into a low permeability 

layer using 3D numerical simulations with the DoD Groundwater Modeling System 

(GMS).  He used GMS as a tool to analyze how cracks in the layer impact the longevity 

of the dissolved phase CAH plume.  Miniter’s research yielded results that indicate the 

presence of cracks support “enhanced diffusion” (Miniter, 2011).  The results of his 

model showed that increased cracking allowed greater amounts of contaminant mass to 

enter the low permeability clay layer.  The increased mass led to greater diffusion out of 

the clay resulting in higher downgradient plume contaminant concentrations, even after 

the source was removed (Miniter, 2011).  
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 Sievers (2012) used literature values to vary crack geometry and spacing to 

compare models in three scenarios: (1) CAH diffusion into an uncracked low 

permeability clay layer; (2) CAH advection-dispersion into cracks with diffusion into the 

clay matrix, and (3) separate phase DNAPL movement into the cracks followed by 

diffusion into the clay matrix.  Figure 2 shows a conceptual diagram for the contaminant 

transport in each scenario. 

 

Figure 2: Conceptual Diagram of Contaminant Transport beneath a Source Zone for scenarios 1, 2, 3 
(Sievers, 2012) 

Sievers modeled the evolution and persistence of the contaminant downgradient as a 

result of back diffusion out of the clay layer and into flowing groundwater.  The 

downgradient concentrations she found were well above MCL concentrations for 

decades.  Cracking was found to significantly contribute to downgradient concentrations.  

Sievers also found that the CAH downgradient concentrations are highly dependent on 

the rate of DNAPL dissolution.   For simplicity, she modeled the dissolution rate as a 

constant.  As discussed in the following section, Christ et al. (2006), Parker and Park 
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(2004), Clement et al (2004), and Zhu and Sykes (2003) model the mass transfer rate or 

rate of dissolution as a function of time.  Given the importance of the dissolution rate, this 

research effort will attempt to adopt a time-dependent dissolution rate model from the 

literature and incorporate it into Sievers’ model to simulate plume evolution 

 Mass transfer from a DNAPL in stagnant water is described by Fick’s Law.  

According to Fick’s First Law, solute is transported from regions of high concentration to 

low concentration with a flux (mass per area per time) that is proportional to the 

concentration gradient.  The rate of mass transfer can be increased if the water is not 

stagnant (resulting in higher concentration gradients)  or when there is increased contact 

area between the water and the DNAPL.   

 Correlations have been developed to account for the effect of groundwater 

velocity and DNAPL saturation on the mass transfer rate (Nambi and Powers, 2001).  

Simulations run by Sievers (2012) showed that the rate of mass transfer, which was 

quantified in her model by a first-order rate constant, is very important to CAH plume 

evolution and persistence.  This is not surprising, as the mass transfer rate constant 

quantifies the rate at which contaminant dissolves from the nonaqueous phase to the 

aqueous phase.  In her research, Sievers (2012) assumed that DNAPL remains in the low 

permeability zone after a DNAPL pool has been removed from the high permeability 

zone.  Over time, the DNAPL dissolves into the pore water that surrounds it in the low 

permeability zone matrix.  Then, by back diffusion, CAH is transferred from the low 

permeability zone to the high permeability zone.  In this way, DNAPL in the low 

permeability zone serves as a long-term source of contaminant, resulting in dissolved 
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concentrations of CAH in the high permeability aquifer that persist for decades (Sievers, 

2012).  In her simulations, Sievers (2012) found that the rate of mass transfer from the 

DNAPL to the surrounding pore water, which she assumed was constant, was a critical 

parameter that determined the longevity of the contaminant plume in the aquifer.  In fact, 

research has shown that the rate of mass transfer from a DNAPL varies over time, as the 

DNAPL dissolves and its architecture changes (Parker et al., 1994).   In the sections that 

follow we will review literature that accounts for how the rate of mass transfer from a 

DNAPL varies, as DNAPL architecture changes over time.  

2.2 Mass Transfer Kinetics 

Mass transfer kinetics can be defined as the rate at which mass moves from one 

phase to another.  In DNAPL-contaminated groundwater, we are primarily concerned 

with the rate of dissolution from the DNAPL phase to the dissolved CAH phase.   

Zhu and Sykes (2003), Parker and Park (2004), Clement et al. (2004), and Christ 

et al. (2006) employ an effective mass transfer coefficient that changes over time to 

account for mass transfer kinetics.  The effective mass transfer coefficient accounts for 

mass transfer processes averaged over the entire DNAPL source volume.  A common 

method used by researchers to account for the complexities of mass transfer in a 

contaminated aquifer, which is affected by spatial variations of the DNAPL architecture 

and the hydrogeological conditions, is to apply an upscaled mass transfer function (MTF) 

(Zhu and Sykes, 2003; Parker and Park, 2004; Clement et al., 2004; Christ et al., 2006).  

The MTF represents the various processes that affect mass transfer and which vary in 

space by a single spatially-averaged expression.   MTF parameters, although usually site 
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specific, are “capable of accurately describing field-scale DNAPL dissolution rates as a 

function of time” (Parker and Park, 2004).   

Clement et al. (2004) developed a mathematical model to analyze groundwater 

contaminant fate and transport in a system with a DNAPL source.  In the work, 

mathematical equations were programmed into a reactive transport code called RT3D 

(Clement et al., 2004).  RT3D is a component of GMS (Sievers. 2012).  RT3D employs 

an advection, dispersion equation with a first-order mass transfer term to describe 

dissolution of a contaminant from a DNAPL source.  Equation 2.1 shows the basic 

advection, dispersion equation with the added mass transfer term (Clement et al., 2004) 

𝜕𝐶
𝜕𝑡

= 𝜕
𝜕𝑥𝑖

�𝐷𝑖𝑗
𝜕𝐶
𝜕𝑥𝑗
� − 𝜕

𝜕𝑥𝑖
(𝑣𝑖𝐶) + 𝑘𝐿𝑎(𝐶∗ − 𝐶) ∓ 𝐹      (2.1) 

where C is the aqueous-phase concentration of the DNAPL contaminant [M𝐿−3], 𝐶∗ is 

the equilibrium aqueous phase concentration (solubility) of the contaminant [M𝐿−3], 𝐷 is 

the hydrodynamic dispersion coefficient [𝐿2𝑇−1], 𝑣 is the pore water velocity [𝐿𝑇−1], 

𝑘𝐿𝑎 is the DNAPL dissolution rate constant [𝑇−1] and the factor 𝐹 represents all other 

physical, bio/geo-chemical reactions [𝑀𝐿−3𝑇−1].   The model assumes the DNAPL is 

immobile and has a negligible effect on aquifer porosity and hydrodynamic conductivity 

(Clement et al, 2004).  These assumptions are valid at low DNAPL saturation levels (Zhu 

and Sykes, 2003).  Parameters like 𝐹 and 𝑘𝐿𝑎 in equation 2.1 are commonly used in 

hydrological research to describe physical and chemical phenomena (like degradation or 

sorption).   We will refer to these parameters as phenomenological factors from time to 

time in this study. The 𝐹 parameter is not used in this study because as previously 
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mentioned, we assume no degradation or sorption.  𝑘𝐿𝑎  is the overall first-order mass 

transfer rate with units of [T-1].  𝑎 is the specific surface area [L2L-3] and kL [LT-1] is a 

mass transport coefficient.  The specific surface area (𝑎) is of interest in this study 

because as discussed earlier, an increase in the contact area between the water and 

DNAPL can increase the overall mass transfer rate.  

 Clement et al. (2004) use equation 2.2 to compute the DNAPL dissolution rate, 

𝑘𝐿𝑎: 

𝑘𝐿𝑎 = 𝑘𝐿𝑚𝑎𝑥𝑎(𝑀(𝑡)
𝑀0

) 𝛽  (2.2) 

where 𝑘𝐿𝑚𝑎𝑥𝑎 is the maximum dissolution rate constant at time zero, which is a function 

of the porous medium and DNAPL characteristics, 𝛽 is an empirical constant, 𝑀𝑜is the 

initial mass of the DNAPL in the sediments, and M(t)is the mass of DNAPL in the 

sediments at time t. Clement et. al (2004) tested differing values of 𝑘𝐿𝑚𝑎𝑥  in their model. 

They found that higher values of 𝑘𝐿𝑚𝑎𝑥 result in increased downgradient concentrations 

within their model.  Equation 2.2 is the first of four mass transfer models that will be 

introduced in this chapter. 

Three additional mass transfer models from the literature are discussed in the 

following sections.  All three models are similar, though they were formulated with 

varying notations.  In this work, the notation for the various models has been made 

consistent, to minimize confusion when comparing the models. 

Parker and Park (2004) implemented three dimensional numerical experiments to 

model field-scale DNAPL dissolution kinetics with an MTF.  The MTF is shown in 

Equation 2.3. 
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𝐾𝑒𝑓𝑓 = 𝐾𝑜′(
𝑞�
𝐾�𝑠

)𝛼(𝑀
𝑀0

)𝛽               (2.3)                           

Note that 𝐾𝑒𝑓𝑓 is the first-order mass transfer rate for contaminant dissolving from the 

DNAPL to the aqueous phase, and is equivalent to 𝑘𝐿𝑎  in equation 2.1.  The terms in 

Equation 2.3 are  defined by Parker and Park (2004) as follows: 𝐾𝑠��� is the effective 

saturated hydraulic conductivity [LT-1 ], 𝑞� is the average Darcy velocity [LT-1],  𝑀0 is the 

initial DNAPL mass [M], M is the DNAPL mass [M] at time, t, and 𝐾0′  [𝑇−1], 𝛼[-], 

and 𝛽[-] are model parameters. The 𝛼 parameter is equal to a value of 1 in all of Parker 

and Park’s (2004) simulations.  The 𝛽  and 𝐾0′   values used in their research effort can be 

found and compared with the parameters of the other models discussed in this section 

(Table 1).  

Zhu and Sykes (2003) utilized one dimensional column simulations to develop 

three simple screening models that account for mass transfer kinetics.  The third and most 

complicated model, which they labeled NL2, accounts for the change in the rate of 

DNAPL dissolution with time.  Equation 2.4 represents the NL2 model  

𝐶0(𝑡)
𝐶𝑠

= 𝐾𝑜′(
𝑀(𝑡)
𝑀0

)𝛽                        (2.4)                           

where 𝐶0(𝑡 ) is the dissolved contaminant concentration [ML-3] in the water adjacent to 

the DNAPL at a given time, t, 𝐶𝑠 is the contaminant solubility [ML-3], 𝐾𝑜′ [-] is a 

parameter that indicates at time zero how far the dissolved contaminant concentration is 

from equilibrium (i.e., solubility), 𝑀(𝑡)
𝑀0

 [-] is the fraction of NAPL mass remaining at a 

given time, and  𝛽 [-] is a fitting parameter.  Note that this model calculates the mass 
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transfer rate implicitly; there is no mass transfer rate constant explicitly calculated, as in 

the previous models that have been presented. 

According to Christ et al. (2006) all upscaled mass transfer correlations have the 

same basic form shown in Equation 2.5 below: 

𝐾𝑒𝑓𝑓 = 𝐾′
0(𝑀(𝑡)

𝑀0
)𝛽   (2.5) 

Where  𝐾′
0 [d

-1] and 𝛽 [-] are fitting parameters and 𝑀(𝑡)
𝑀0

 is the fraction of NAPL mass 

remaining at a given time.  As mentioned earlier, 𝐾𝑒𝑓𝑓 is the DNAPL dissolution rate; it 

equates to 𝑘𝐿𝑎 in equation 2.1.  The 𝐾𝑜′ and 𝛽 parameters can be thought of as 

phenomenological factors that are used to model how the rate of mass transfer changes 

with time.  𝛽 may be thought of as a constant that accounts for the heterogeneity of the 

DNAPL source (Christ, 2014).  𝐾′
0 accounts for mixing and dilution “as water flows 

through the nonuniform DNAPL saturation distribution” (Christ et al., 2006).  As 

explained by Christ et al., (2006), the DNAPL dissolution rate decreases over the life of a 

site because the high surface area globules and ganglia dissolve quickly, leaving behind 

persistent pools of DNAPL that dissolve more slowly.  Despite their theoretical 

attractiveness and simplicity, as explained by Christ et al. (2006), the use of upscaled 

models is limited to site specific parameters.  The values of 𝐾′
0 and 𝛽 in the Christ et al. 

(2006) work were based on the Bachman Road Site.  The value of 𝛽  is provided in Table 

1 and can be compared with the other models discussed in this section.   
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Table 1: Fitting Parameter Values (Christ et al., 2006; Parker and Park, 2004, Zhu and Sykes, 2003) 

Reference System Description 𝐾′
0 (𝑑𝑎𝑦−1) 𝜷 

Christ et. al. 

(2006) 

Sixteen 3-D numerical simulations 
based on Bachman Road Site 

8.2 × 10−3 0.85 

Zhu and 
Sykes (2003) 

1-D column system using nonlinear 
model NL2 

NA(1) 1.31 

Parker and 
Park (2004) 

3-D simulation of DNAPL 
dissolution in upper, lower, and 

combination of both regions 

Upper: 4.9 ×
10−4 

Lower: 2.4 ×
10−5 

Combination: 
4.9 × 10−4 

Upper: 1.10 
Lower: 0.40 

Combination: 
1.40 

(1) The 𝐾𝑜′  in Zhu and Syles (2003) is dimensionless 

As seen in Table 1, the values for 𝐾′
0 and  𝜷 differ significantly between models because 

the parameter values are highly dependent on source and site characteristics.  For 

example, the Zhu and Sykes (2003) parameter values were based on one dimensional 

column simulations as opposed to the parameter values based on the Bachman Road Site 

in the work by Christ et al. (2006).  Huang (2013) implements Equation 2.5 as a 

subroutine in RT3D (Clement et al., 2004).  The subroutine is discussed further in 

Chapter 3. 

2.3 Site Characterization 

Aquifers are generally heterogeneous. They can consist of different materials to 

include: cracked rock, cobbles, gravel, sand, clay, and silt.  Consequently, site 

characterization is important when modeling contaminant transport since the geologic 

structure of an aquifer will control the speed and direction of contaminant movement.  In 

this section, we will look in the literature to find well-characterized real world DNAPL-
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contaminated sites relevant to the model’s assumptions.  As discussed earlier, our model 

assumes the presence of a pooled DNAPL sitting atop a cracked low permeability layer. 

Quality site characterization data are essential to the development of a groundwater 

contamination model (Sale & McWhorter, 2001).  Source zone architecture has also been 

determined to be a key factor governing transport (Christ et al., 2006).  Christ et al. 

(2006) evaluate the efficacy of numerous groundwater contamination model efforts using 

multiphase numerical simulations and support Sale & McWhorter’s (2001) findings 

regarding the importance of site and source characterization, stating the “future 

improvement of the predictive capability of upscaled mass transfer models will likely 

require incorporation of additional site-specific information” (Christ et al., 2006). 

 Three real world contamination sites that have DNAPL pools atop low 

permeability layers were identified in the literature.  The following sections introduce the 

sites. 

2.3.1 Hill Air Force Base Site 

Between the years 1967 and 1975 degreasing solvents were dumped into two 

sandy unlined disposal pits at Hill Air Force Base located near Layton, Utah.  Oolman et 

al. (1995) characterize the aquifer hydrogeology with borehole data readings from 150 

locations.  The contaminant was reported to consist of trichloroethylene (TCE) and other 

chlorinated solvents.  The unlined pits are located atop a thick clay aquiclude and the 

contaminant has dissolved to form an approximately 1000 meters long plume. The 

aquifer in question is composed of silt, sand, gravel, and clay occurring at irregular 

intervals at various depths (Oolman et al., 1995).  The clay aquitard below the aquifer 
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was also reported to be heterogeneous in nature with intermittent layers of sand and silt.   

Table 2 provides the approximate depths of soil layers determined from one of the well 

borings at Hill AFB (Oolman et al., 1995). 

Table 2: Soil layer depths of site at Hill, AFB (Oolman, 1995) 

Soil Material Depth of each layer (m) 

Silt 3 

Silty Sand 2.5 

Sand and Gravel 3 

Clay Boundary Layer 

The hydraulic conductivities in the sand layers were reported by Oolman et al. (1995) to 

range from 1.73 m/d to 10.37 m/d.    

 

2.3.2 Fort Lewis EGDY Site 

According to the EPA’s Superfund Record of Decision (ROD) document (1990), 

the East Gate Disposal Yard (EGDY) site is located at the Fort Lewis Military 

Reservation near Tacoma, Washington.  The site was part of the Fort Lewis Logistics 

Center built in 1940.  The center and was used for storing supplies and maintaining 

military equipment and vehicles.  The EGDY site was used to dispose of solvents and oils 

in 24 excavated trenches from 1946 to 1960.  Brooks et al. (2008) conducted site 

characterization at the EGDY site in an effort to measure contaminant fluxes for 

remediation efforts that include pump and treat methods, thermal remediation, and 

passive monitoring.  They found that the contaminant source was predominantly made up 
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of TCE and other chemical solvents.  TCE concentrations near the source area range from 

0.5 to more than 50 mg/l.   The concentrations in the plume are reported by the EPA 

(1998) to range from 0.1 to 0.2 mg/l.  The source of contaminant subsequently produced 

a plume that is estimated to reach up to 4000 meters.   The EPA (EPA Superfund 

Explanation of Significant Differences, 1998) reports that “the time required (to 

remediate the site) will be considerably longer than 78 years”.  The aquifer at the EGDY 

site is described as “consisting of loose, well-graded, sandy, cobbly gravel or gravelly 

sand…underlain by a (less permeable) layer consisting of loose to dense silty, sandy 

gravel with some clay” (Brooks et al, 2008).  They found that the media under this 

aquitard consists of more sand and gravel combined with stone.  Although the site is well 

characterized, the depths of each soil layer were not found in the literature; probably due 

to the high degree of heterogeneity at the site as the EPA reports that “the 

hydrostratigraphy of the area is quite complex” (EPA EGDY ROD, 1990).  The water 

table at the EGDY site is reported by the EPA Superfund ROD (1990) to be between 7 to 

35 feet below the surface and groundwater moves at an average velocity of 3feet per day.   
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2.3.3 Bachman Road Site 

The Bachman Road site is located in Oscoda, Michigan near a former dry 

cleaning facility less than 250 feet west of Lake Huron as shown on Figure 3.  The site 

was well characterized in research performed as part of a pilot-scale surfactant enhanced 

aquifer remediation (SEAR) effort conducted by Abriola et al. (2005).  The site is 

described by Abriola et al. (2005) as a “sandy glacial outwash.”  It consists of 

approximately eight meters of sand atop a confining clay layer. Table 3 provides 

hydrogeological data associated with the Bachman Road site (Abriola et al, 2005). 

Table 3: Bachman Road Site Hydrogeological Values (Abriola et al., 2005) 

Hydrogeological attribute Value (units) 

Sand Layer  8 (m) 

Clay Layer Boundary Layer 

Mean Hydraulic Conductivity of the Sand 16.8 (m/d) 

Mean porosity 0.36 
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As previously discussed, Christ et al. (2006) conducted an analysis of DNAPL 

dissolution kinetics that was based on the Bachman Road Site.  Figure 3 provides a visual 

layout of the contamination plumes and monitoring well locations used to characterize 

the Bachman Road site in the SEAR study.

 

Figure 3: Bachman Road Site estimated plumes from SEAR study (after Abriola et al, 2005)  

2.4 Summary 
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 Miniter (2011) found that the presence of cracks support enhanced diffusion to 

allow greater contaminant mass to enter low permeability layers.  Sievers (2012) 

continued the research and produced results that indicate the presence of DNAPL in 

cracks within low permeability layers can support contaminant concentrations well above 

MCLs decades after remediation has removed the contaminant source from high 

permeability zones.  Sievers (2012) also found that the rate of mass transfer significantly 

affects contaminant fate and transport.  She modeled the mass transfer rate as a constant 

for simplicity.  However, Zhu and Sykes (2003), Parker and Park (2004), Clement et al. 

(2004), and Christ et al. (2006) modeled mass transfer as a function of time.  Each model 

in the research takes on a similar mathematical form; however, the mass transfer 

parameter values differ significantly, based upon the different site and DNAPL source 

characteristics that are being simulated.  Given that the model parameter values are 

dependent on site characteristics, the characteristics of three real-world contaminant sites 

are assessed for their potential use as model scenarios. 

In the following chapter, a contaminant site is selected and a model, which 

incorporates time-varying DNAPL dissolution kinetics, is built to simulate plume genesis 

and evolution at the site.  Such an approach will allow us to observe how time-varying 

DNAPL dissolution kinetics may affect dissolved contaminant plume behavior using a 

model that incorporates parameters based upon a real-world scenario.        
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3. Methodology 

3.1 Overview 

This work is an extension of the research performed by Sievers (2012).  The 

Sievers’ model, which assumed the transfer rate for mass dissolution from the DNAPL 

was constant, is modified to allow for time varying mass transfer.  Results of the new 

model will be compared to results of the Sievers’ model, using parameter values that are 

based on a real world site.   

Christ et al. (2006) developed a basic MTF model to simulate DNAPL 

dissolution, using parameters based on the Bachman Road Site.  The Christ et al. (2006) 

study was focused on DNAPL dissolution kinetics, and did not consider the impact of the 

dissolution process on plume evolution at the site.  In the current study, we will 

incorporate a DNAPL dissolution sub model into a larger model of the Bachman Road 

site, to investigate the impact of a time-dependent dissolution rate constant on plume 

evolution.  The fact that Christ et al. (2006) based their parameter values on the Bachman 

Road site, and that the site itself has been well-characterized, leads us to choose that site 

for this modeling study.  In this study we will be conducting three operations with the 

chosen model.  We will use the parameter values of Christ et al. (2006) in conjunction 

with the Huang (2013) submodel to (1) simulate concentration versus time plots, known 

as breakthrough curves (BTCs) downgradient of a DNAPL source, (2) track DNAPL 

mass and dissolved mass in the aquifer over time, and (3) conduct sensitivity analyses.  

Each operation is discussed further in following sections. 
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3.4 Site Model 

 This section describes the model that was built using the Groundwater Modeling 

System (GMS) software.  Two modeling packages within GMS were employed in this 

study, MODFLOW (Chapman and Parker, 2011) and RT3D (Clement et al., 2004).  GMS 

was used to create a numerical grid that simulates the real-world contaminated aquifer at 

the Bachman Road Site.  The depth of the three dimensional numerical grid was 

developed based on the aquifer depth at the Bachman Road Site (Abriola et al., 2005).  

The simulated aquifer in this work has a length of 70 meters (m), a width of 70 m, and a 

depth of 14 m.  The mean hydraulic conductivity, mean porosity, and the depths of the 

soil layers from the Bachman Road Site are used in the site model.  The Bachman Road 

Site hydrogeological data can be found in Table 3.  Each cell in the grid represents a cube 

with sides of 1 m.  The simulated high permeability sand layer is 8 m thick atop a 4 meter 

thick low permeability clay layer.  The clay zone overlays a 2 m high permeability sand 

layer to avoid having a no-flow boundary condition at the bottom of the clay layer 

(Sievers, 2012).  Layers 1-8 are sand, 9-14 are a mix of clay and cracked clay, and 15-16 

are sand.  A 16𝑚2 cracked clay zone is simulated in the low permeability layer. The 

source zone was located above the cracked clay.  Figure 4 shows a conceptual model of 

the DNAPL pool sitting atop the cracked low permeability zone. 
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Figure 4: Conceptual Model of contaminated aquifer (After Sievers, 2012) 

 As shown in Figure 4, three monitoring wells were placed 50m down gradient 

from the source to measure concentrations at a location in the plume over time. The well 

locations are in the sand, interface, and clay layers, respectively. The locations of the 

source zone can be seen as orange circles and the monitoring wells can be seen as black 

circles in Figure 5.  The cracked clay zone was placed directly under the source zone.  

The location can be seen in Figure 5 as a brown box. Figure 5 was output by MODFLOW 

and shows the hydraulic heads throughout the model domain.  MODFLOW calculates 
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these heads assuming steady state flow and based on the specified boundary conditions.  

 

Figure 5: MODFLOW Head Output along a Longitudinal Cross Section (grid blocks are 1m x 1m 
squares)  

 

 The aquifer is assumed to be unconfined, and a horizontal hydraulic gradient of 

1m/70m was established by setting the head at the left and right boundaries of the domain 

at 16.5 and 15.5m, respectively. A vertical hydraulic gradient of .5m/16m was established 

by setting the bottom heads at the left and right hand boundaries to 16m and 15m, 

respectively.  The gradients allowed water to flow from top to bottom and left to right. 

Flow is from high head to low head.  The flow vectors can be seen as arrows in Figure 5.  

The MODFLOW flow velocities are used as input by the RT3D code.  
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 RT3D models advection, dispersion, and diffusion of the contaminant throughout 

the domain.  The total simulation was run for two periods, totaling 50 years.  A 16𝑚2 

DNAPL pool was modeled by establishing constant concentration cells for an initial 10 

year period (Figures 4 and 5).  A constant concentration of 110 mg/l was used for the 

source (Sievers, 2012).  After the first 10 years, the source was assumed to be 

remediated, and the constant concentration cells were removed.   Contaminant from the 

source was transported into and out of the low permeability layer by diffusion and 

advection.  Especially in the cracked clay, advection in the low permeability zone could 

be significant.  Although individual cracks were not explicitly modeled, the cracked clay 

is modeled by increasing the vertical conductivity within the low permeability zone.  The 

simulation was run for 40 years after remediation to analyze DNAPL dissolution and the 

effect of back diffusion on down gradient plume concentrations in the aquifer. Values of 

the vertical and horizontal hydraulic conductivity, longitudinal dispersivity, and porosity 

were assigned to the sand, clay and cracked clay (Sievers, 2012).  The parameter values 

input into MODFLOW are shown in Table 4. 
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Table 4: Parameter Values Input into MODFLOW 

Media Sand Clay Cracked Clay 

Horizontal 𝐾ℎ  [𝑚
𝑑

] 17.28 4.32E-5 4.32E-5 

Vertical 𝐾𝑣 [𝑚𝑑 ] 1.728 4.32E-6 4.32E-4 

Longitudinal 
Dispersivity [m] 

1.0 1.0E-4 1.0E-4 

Porosity [𝜃] 0.35 0.43 0.487 

For this study we assumed the cracks in the source zone were 90% saturated with 

DNAPL and 10% saturated with water.  Since modeling the individual cracks proved 

infeasible, we approximated the cracked low permeability zone as an equivalent porous 

media with a high vertical hydraulic conductivity (Table 4) with a DNAPL saturation 

equivalent to 90% DNAPL in the cracks “smeared” throughout the cracked low 

permeability zone.  The equivalent DNAPL saturation was 6.62E-5 (Sievers, 2012).  

Sievers (2012) can be seen for a detailed description of crack formation and modeling. 

The initial DNAPL saturation was set to 6.62E-5 at times 0 and 10 years, as that value 

equates to 90% saturation in the cracks.  The reason the saturation is “reset” to 6.62E-5 

after 10 years is because the model simulates that the saturation declines between years 0 

and 10 (as the DNAPL dissolves).  However, in the conceptual model, the DNAPL pool 

sitting atop the cracked clay constantly replenishes DNAPL in the cracks for the first 10 

years of the simulation, before the pool is remediated at year 10.  Thus, at year 10, the 

saturation in the cracked clay zone is reset to its initial value, to simulate this constant 

replenishment of DNAPL into the cracks.      
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3.5 Dissolution Kinetics Submodel Implementation 

 Huang (2013) incorporated a sub model to simulate DNAPL dissolution 

kinetics into the RT3D code (Clement et al., 2004).  The sub model is based on Equation 

2.5 presented in Christ et al. (2006).  Since RT3D tracks NAPL saturation, rather than 

mass, Huang (2013) converted the masses in Equation 3.1 to their equivalent saturations:       

𝑘𝑒𝑓𝑓 = 𝐾°
′ �𝑀(𝑡)

𝑀°
�
𝛽

= 𝐾°
′(𝑉𝜌𝑁𝐴𝑃𝐿𝑆𝑁𝐴𝑃𝐿)

𝑉𝜌𝑁𝐴𝑃𝐿𝑆°)
)𝛽  (3.1) 

where 𝑉 is the volume of DNAPL [𝐿3], 𝜌𝑁𝐴𝑃𝐿 is the density of the DNAPL [ML-3], 

 𝑆𝑁𝐴𝑃𝐿 is the saturation of DNAPL [L3 DNAPL per L3 aquifer], and 𝑆° is the initial 

saturation of DNAPL [-].  Rewriting Equation 3.1: 

𝑘𝑒𝑓𝑓 = 𝐾°
′(𝑆𝑁𝐴𝑃𝐿

𝑆°
)𝛽 = 𝐾°

′

𝑆°
𝛽(𝑆𝑁𝐴𝑃𝐿)𝛽 (3.2) 

The time-dependent dissolution sub model formulated by Huang (2013) therefore, is 

based on tracking the DNAPL saturation over time.  The rate constant for dissolution is 

 𝑘𝑑𝑖𝑠, defined in equation 3.3.  

      𝐾°
′

𝑆°
𝛽 = 𝑘𝑑𝑖𝑠 (3.3) 

This rate decreases over time, based on the value of 𝛽.  For the values of 𝛽 and 𝐾°
′ used 

by Christ et al. (2006) to simulate dissolution at the Bachman Site, 0.85 and 8.2E-3 [day-

1], respectively (see Table 1) and the initial DNAPL saturation in the cracks assumed by 

Sievers (2012) of 0.9, the resulting value of 𝑘𝑑𝑖𝑠 is 8.97E-3 [day-1]. 

The sub model developed by Huang (2013) requires the user to define six parameter 

values associated with the contaminant and media.  The parameters and their values are 

listed in Table 5. 
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Table 5: Parameter Symbols, Definitions, and Values 

Parameter Symbol Parameter Definition Parameter Value 

𝜌𝛽 Bulk density of the media 1.46E6 [mg/l] 

𝛼 Mass transfer coefficient for 
rate-limited adsorption 

0 [day-1] 

𝛽 Dissolution sub model 

exponent 

8.5𝐸 − 1(1); 8.5𝐸 − 5(2) 

𝐶𝑆: Solubility of TCE in Water 1100.0 [mg/l] 

𝑘𝑑𝑖𝑠 Dissolution sub model rate 

constant 

8.97E-3 [day-1] 

𝑘𝑑 Partition coefficient of 
adsorption 

0 [kg-1] 

 (1) (Christ et al., 2006) 
 (2)𝛽 was set to near zero to simulate a constant mass transfer rate 

Sorption is not examined in this study; consequently the adsorption parameters 𝛼 

and 𝑘𝑑 are set equal to zero.   

3.5.1 Assumptions 

Numerous assumptions are required when modeling contaminant fate and 

transport in an aquifer.  The subsurface is generally known to be anisotropic and 

heterogeneous.  This results in significantly different flows at different points within the 

same medium.  The model in this research effort assumes each zone is homogeneous and 

isotropic; in other words we assume the same hydraulic and chemical properties in each 

media zone.  Instantaneous removal of the source was assumed to simulate complete 

remediation of the DNAPL mass in the high permeability sand layer.  This study employs 

many of the same assumptions listed in the research performed by Sievers (2012).  For a 
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detailed explanation of the assumptions used in the cracked clay zone consult the work of 

Sievers (2012).  Many of the governing equations used in this research are the same 

equations used in the work performed by Miniter (2011).  The work of Miniter (2011) 

can be consulted for further explanation of the governing equations.   

3.6 Description of Analyses 

As previously discussed, the model developed in this study was used for three 

types of analyses: (1) to simulate concentration versus time plots, known as breakthrough 

curves (BTCs), at locations downgradient of a DNAPL source, (2) to quantify DNAPL 

mass and dissolved mass in the low permeability zone as a function of time, and (3) to 

conduct sensitivity analyses.   

BTCs can give us information such as when concentrations drop below certain 

levels or how much of an impact certain parameters have on contaminant concentrations 

over time.  In this study, the BTCs are used to compare two models, a constant 

dissolution rate model as opposed to a time-dependent dissolution rate model.   

The GMS model outputs may be used to track DNAPL mass and dissolved mass 

in various zones.  Of particular interest in this study is the mass within the low 

permeability zone, as that serves as the long-term contamination source.  It is also of 

interest to compare how the simulations of the constant dissolution rate model and the 

time-dependent dissolution rate model compare, with respect to the simulated DNAPL 

mass as a function of time.     

The purpose of the sensitivity analysis was to elicit which parameters have the 

most impact on simulated contaminant fate and transport.  While Sievers (2012) found 
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that the rate of DNAPL dissolution was an important parameter affecting contaminant 

fate and transport, the current study hones in on the two parameters that describe the 

dissolution rate; 𝛽 and 𝑘𝑑𝑖𝑠.  Table 6 presents the baseline and sensitivity analysis values. 

Table 6: Sensitivity Analysis Values 

Parameter Lower Sensitivity 
Analysis Value 

Baseline Value Upper Sensitivity 
Analysis Value 

𝛽 [−] 8.5E-5 8.5E-3 8.5E-1 

𝑘𝑑𝑖𝑠 [day-1] 8.97E-3 8.97E-1 89.7 

 

3.7 Summary 

 The Bachman Road site was chosen for analysis in this study.  A model which 

included both time-dependent and constant DNAPL dissolution rates was formulated and 

incorporated into RT3D within GMS.  The model was implemented based on the 

characteristics of the Bachman Road site (Abriola et al., 2005) and the mass transfer 

model developed by Christ et al. (2006). In Chapter 4, we will present and discuss the 

results of the model simulations. 
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4. Results and Analysis 

4.1 Overview 

The results of the model described in chapter 3 are presented in the following 

sections.  Simulations include concentration vs time breakthrough curves (BTCs) at 

downgradient monitoring wells to compare the difference in results of the time-dependent 

dissolution rate and constant dissolution rate sub models.   The results also show 

differences in mass storage over time, as well as a sensitivity analysis that allows us to 

determine which parameters most influence downgradient concentrations. 

4.2 Simulation Results 

The data and figures shown in this section are presented for two sub models: (1) a 

constant mass transfer rate function and (2) a time-dependent mass transfer rate.  The 

BTCs plot concentration against time for a total simulation period of 50 years.  Figure 7, 

Figure 8, and Figure 9 in the following section plot the concentrations at the observation 

points in the sand, clay/sand interface, and clay media zones, respectively, when the mass 

transfer parameter (𝛽) was set equal to 8.5E-5 [-] to simulate a constant dissolution rate 

(see Equation 3.2) compared to when the mass transfer parameter was set equal to 8.5E-1 

[-] to simulate a time-dependent rate.  As previously discussed, the EPA has set the 

maximum contaminant level (MCL) for TCE in drinking water, the contaminant of 

interest in this study, at 5 parts per billion, or 5µg/L. The MCL is shown on each figure to 

compare with the simulated downgradient concentrations.  
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4.2.1 Breakthrough Curves 

  The three breakthrough curves (BTCs) shown below (Figures 7, 8, and 9) plot 

concentration versus time over 50 years (or 18250 days).  All three of the following 

figures show the BTCs at observation wells simulated by a constant dissolution rate 

model compared with BTCs simulated by a time-dependent dissolution rate model.  All 

wells are located 50m downgradient from the source zone.  Figures 7, 8, and 9 show the 

BTCs for wells located in the sand, sand/clay interface, and clay, respectively.  Note that 

the clay layer contains the cracked clay source zone. 

 
Figure 6: Time-Dependent vs Constant Dissolution Rate BTCs (Monitoring Well in Sand) 
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Figure 7: Time-Dependent vs Constant Dissolution Rate BTCs (Monitoring Well at Sand/Clay 
Interface)      

 
Figure 8: Time-Dependent vs Constant Dissolution Rate BTCs (Monitoring Well in Clay) 
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Qualitatively, the BTCs display behavior we would expect.  The concentrations 

increase rather quickly in the higher permeability sand zone as seen in Figure 7.  The 

concentrations then rapidly decrease after the source is removed, followed by tailing 

caused by back diffusion.  As expected, the increase in concentration was much slower at 

the monitoring well in the clay zone (Figure 9) than at the wells in either the sand (Figure 

7) or sand/clay interface (Figure 8) due to the small advective transport of dissolved TCE 

into the clay.     

These results are similar to Sievers’ (2012) work; the concentration in the sand 

layer dropped below the MCL after several years and the concentration in the clay and at 

the interface remain above the MCL for over forty years after remediation.  The 

concentration in the clay media zone continues to increase after the 50 year simulation is 

complete.  A longer term simulation (data not shown) indicated that after sixty years the 

concentrations in the low permeability clay began to decrease.  Total mass in the clay 

layer reduces extremely slowly, because in addition to back diffusion, which allows mass 

to leave the low permeability clay, a fraction of the contaminant mass continues over 

time to diffuse deeper within the clay.    As seen in Figure 7, the time-dependent and 

constant rate model BTCs begin to diverge after about 8000 days (approximately 20 

years).  The time-dependent BTC has a thicker tail, indicating more persistent 

concentrations above the MCL than simulated by the constant rate model.  This is due to 

the fact that the constant rate model simulates higher dissolution rates than the time-

dependent rate model.  As we will see in the next section, the slower dissolution rates 

simulated by the time-dependent model result in DNAPL mass remaining in the low 
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permeability zone for a longer time than simulated by the constant rate model, and this 

mass is the source that contributes to the tail that we see in Figure 7.  In Figures 8 and 9, 

we note that there is no difference in the BTCs simulated by the two models for the 

monitoring wells in the clay or at the sand/clay interface.        

4.2.2 Mass Analysis 

 The purpose of the mass analysis is to quantify the amount of contaminant stored 

in the low permeability layer over time.  The times of interest are at the start of the 

simulation at 0 years, after removal of the source at 10 years, and at the end of the 

simulation at 50 years.  As previously discussed, at 10 years, the DNAPL in the cracked 

clay source zone is renewed.  This simulates our conceptual model, which has pooled 

DNAPL atop the cracked clay continually transporting DNAPL into the cracks over the 

initial 10 year period, before the source is removed.  During this time, since the model 

doesn’t include DNAPL transport, the DNAPL saturation is reduced.  To account for the 

presence of the pool feeding DNAPL into the cracks for the initial 10 years, at the 10 year 

point, the DNAPL saturation in the cracked clay is reset to the initial saturation.  The 

contaminant stored in the low permeability zone acts as a secondary long term source, 

back diffusing contaminant long after the primary source is removed through 

remediation.  Consequently, the mass of this secondary source is important to quantify.  

Note that simulation results indicate that the majority of mass is stored at the top of the 

clay layer.  For example, at 50 years, the time-dependent dissolution model simulates that 

over 75% of the total mass in the low permeability zone was found in the top layer.  

Table 7 shows the calculated mass in the low permeability clay layer at 0, 10, and 50 
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years for the time-dependent dissolution rate model compared with the constant 

dissolution rate model.   

Table 7: TCE Mass in Low Permeability Zone: Comparison of Two Models 

Constant Dissolution Rate Model Time-Dependent Dissolution Rate Model 

 0 years 10 
Years  

50 Years   0 Years  10 
Years  

50 
Years  
 

Mass (kg) Mass (kg) 
Dissolved 
TCE  

0 20.4 1.65 Dissolved 
TCE  

0 20.1 0.83 

DNAPL 
TCE 

6.18 6.18 0 DNAPL 
TCE 

6.18 6.18 3.41 

Total Mass 6.18 26.6 1.65 Total Mass 6.18 26.3 4.24 

The dissolved TCE mass at 10 years and 50 years simulated by the constant 

dissolution rate model is more than the mass simulated by the time-dependent dissolution 

rate model.  At 50 years, nearly twice as much dissolved TCE was observed in the 

constant dissolution rate model simulation as the time-dependent model simulation.  The 

higher aqueous concentrations seen when the dissolution rate is constant are due to the 

fact that while the rate of dissolution decreases over time with the time-dependent 

dissolution rate model, the constant rate model maintains a higher rate of DNAPL 

dissolution over the course of the simulation.  This can also be seen by looking at the 

DNAPL mass simulations.  All of the DNAPL mass is simulated to be dissolved in 50 

years using the constant dissolution rate model.  This is in contrast to more than half of 

the DNAPL TCE mass still remaining after 50 years, as simulated by the time-dependent 

dissolution rate model.   
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The simulation was rerun to determine when the DNAPL mass was reduced to 

50% of the initial mass (at the 10 year point) in both models.  The DNAPL mass for the 

time-dependent rate model is reduced to roughly 50% of the initial mass 52 years after 

the saturation levels were reset at the 10 year point (results are also shown in Table 9 of 

the following section).  In contrast, the DNAPL mass for the constant rate model is 

reduced to 50% of the initial mass 2 years after the saturation levels were reset.  From 

these results, we see that assuming a constant dissolution rate is a very non-conservative 

assumption with regard to remediation time.       

The mass table results in conjunction with the BTC analysis indicate that the 

time-dependent rate model predicts more DNAPL remaining in the low permeability 

zone for a longer time, resulting in a longer-term source, and more tailing, as compared to 

when the dissolution rate is constant.  This is due to the fact that the time-dependent 

model simulates slower dissolution rates than the constant rate model.   

  4.2.3 Sensitivity Analysis  

Table 8 shows the simulated mass distribution in the low permeability zone for 

the sensitivity analysis. 

Table 8: Mass Analysis for Sensitivity Analysis 

 𝛽 = 8.50𝐸 − 5 (1) 𝛽 = 8.50𝐸 − 3 (1) 𝛽 = 8.50𝐸 − 1 (1) 
 0 yrs 10 yrs 50 

yrs 
0 yrs 10 yrs 50 yrs 0 yrs 10 yrs 50 yrs 

Dissolved 
TCE (kg) 0 20.4 1.65 0 20.3 1.35 0 20.1 1.30 

DNAPL 
TCE (kg) 6.18 6.18 0 6.18 6.18 2.74 6.18 6.18 3.41 

Total 
Mass 
TCE (kg) 

6.18 26.6 1.65 6.18 28.9 4.75 6.18 26.3 4.24 

(1) The kdis value used for all Beta sensitivity mass simulations was 8.97E-3 [day-1] 
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 𝑘𝑑𝑖𝑠 = 8.97𝐸 − 5 [𝑑𝑎𝑦𝑠−1](2) 𝑘𝑑𝑖𝑠 = 8.97𝐸 − 3 [𝑑𝑎𝑦𝑠−1](2) 𝑘𝑑𝑖𝑠 = 8.97𝐸 − 1 [𝑑𝑎𝑦𝑠−1](2) 
 0 yrs 10 yrs 50 yrs 0 yrs 10 yrs 50 yrs 0 yrs 10 yrs 50 yrs 
Dissolved 
TCE (kg) 0 22.0 1.28 0 20.1 1.30 0 22.7 2.3 

DNAPL 
TCE (kg) 6.18 6.18 6.18 6.18 6.18 3.41 6.18 6.18 0 

Total 
Mass 
TCE (kg) 

6.18 28.2 7.46 6.18 26.3 4.24 6.18 28.9 2.3 

(2) The 𝛽 value used for all kdis sensitivity mass simulations was 8.50E-1[-] 

Table 8 shows how the 𝒌𝒅𝒊𝒔 [day-1] and 𝜷[-] parameters govern DNAPL 

dissolution kinetics.  As seen in the top table , after 50 years, the mass of DNAPL 

increases and the mass of dissolved TCE decreases as the value of 𝜷[-] increases.  This is 

because the higher the value of  𝜷[-], the more the dissolution rate decreases over time, 

which results in less dissolved TCE and more DNAPL TCE. 

The response to increasing values of 𝒌𝒅𝒊𝒔 shown in the bottom of Table 8 is 

similar.  The larger the value of 𝒌𝒅𝒊𝒔, the faster the dissolution, resulting in less DNAPL 

mass remaining and more dissolved mass at a given time.   

 The following figures show BTCs at observation points located 50m 

downgradient from the source.  Figure 10 shows all three BTCs for β values ranging from 

8.5E-1 to 8.5E-5 in the sand media zone.   
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Figure 9: BTCs for Varying β Values (Monitoring Well in Sand)  

No significant difference is seen in the model simulations for wells located in the 

Clay and Sand/Clay interface zones for varying values of β [-], so those figures are 

not shown.  Figure 10 indicates that the tailing in the sand layer increases as the value 

of β increases.  This is consistent with the earlier observations that showed that as β 

increases, there is a larger decrease in the dissolution rate over time, leading to more 

DNAPL mass remaining in the low permeability zone and more tailing.       
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Figure 10: BTCs for Varying kdis Values (Monitoring Well in Sand) 

Similarly, Figure 11 shows that higher values of 𝒌𝒅𝒊𝒔 result in higher dissolved 

concentrations over a 50 year period.  A longer term simulation (data not shown) 

indicated that after 95 years the higher 𝒌𝒅𝒊𝒔 BTC dipped below the other BTCs.  This 

result agrees with the mass values in Table 8 which show no DNAPL is left to feed the 

high 𝒌𝒅𝒊𝒔 BTC at 50 years.  No significant difference is seen in the model simulation for 

wells located in the clay and sand/clay interface zones, so those results are not shown.   

Table 9 lists the time in years when the DNAPL source has been reduced to 50% 

of its 10 year value for different values of 𝛽 and 𝑘𝑑𝑖𝑠.  For this study, we designate the 

time required to reduce the DNAPL mass to 50% of its initial mass as the half-life.  To 

understand Table 9, recall that in order to simulate our conceptual model, at 10 years the 

DNAPL saturation was reset to its initial saturation value.  The half lives listed in Table 9 
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indicate the time between the 10 year point, when saturation was reset, and the time at 

which the DNAPL mass was reduced to half of its initial value.   

Table 9: Sensitivity Analysis: DNAPL Mass Half Lives 

𝛽 Values [-](1) Time (yrs) 𝑘𝑑𝑖𝑠 Values [𝑑𝑎𝑦𝑠−1](2) Time (yrs) 

8.50𝐸 − 5  2 8.97𝐸 − 5  90+ 
8.50𝐸 − 3  21 8.97𝐸 − 3  52 
8.50𝐸 − 1  52 8.97𝐸 − 1  1 

(1) The kdis value used for all Beta mass half-life simulations was 8.97E-3 [day-1](2) The 𝛽 value used for all 
kdis mass half-life simulations was 8.50E-1[-] 

Table 9 shows that as 𝛽 increases, there is an increase in the half-life and as 𝑘𝑑𝑖𝑠 

increases, the half-life decreases.  Note that after 90 years for the very low 𝑘𝑑𝑖𝑠 value of 

8.97E-5 [days -1], only 10% of the initial DNAPL mass had dissolved, so we can 

reasonably speculate that it would take several more decades for the DNAPL to be 

reduced by 50%, even though 𝛽 is low.  Table 9 is consistent with the previous analysis 

of the BTCs and mass tables. 
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5. Conclusions and Recommendations 

  5.1 Conclusions 

This research examined the effect of mass transfer kinetics as a function of time 

on downgradient concentrations at a real world site.  Previous research has shown that the 

DNAPL dissolution rate is time-dependent, with the rate decreasing as a function of time.  

The analysis of mass distribution and BTCs showed that when the dissolution rate is time 

dependent; the mass of DNAPL that persists in the low permeability zone remains larger 

over time as compared to when the rate is modeled as a constant.  The persistent DNAPL 

mass results in more persistent dissolved plumes in high permeability zones, with higher 

dissolved concentrations.  Assuming a constant dissolution rate is a very non-

conservative assumption with regard to remediation time.  If one assumes the rate is time-

dependent rate, as past research would suggest, the half-life of the DNAPL source is 

increased by several decades.    In the case of cracked low permeability zones, this 

finding means that significantly more contaminant mass can reside in the cracks for a 

longer time when the dissolution rate is time-dependent as opposed to when it to be 

constant.   

 

5.2 Recommendations for future research  

The assumptions and limitations of this study provide opportunities for future 

research.  For example, this research assumes no degradation or sorption of the dissolved 

contaminant.  The RT3D code developed by Clement et al. (2004) can account for both 
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sorption and degradation.  A model that accounts for these processes would provide more 

realistic results.  In addition, as discussed below, considering these processes, along with 

consideration of simulated mass discharge, could help with development of better 

management strategies for DNAPL contaminated sites.    to The current approach used by 

the EPA to manage contaminated sites is to compare the contaminant concentrations 

measured at the site with the MCL.  This approach results in costly and lengthy cleanups 

to meet strict drinking water standards.    

The EPA is considering adoption of a “flexible approach to setting remedial 

objectives” (InsideEPA.com, 2013).  This is important, because the findings of this study, 

along with other (Sievers, 2012; Miniter, 2011) indicate that effective remediation will 

fail to decrease contaminant concentrations below the MCL for over 40 years, suggesting  

lengthy and costly cleanups for contaminated sites.  In fact, “estimates by the EPA (in 

2004) indicate that expenditures for soil and groundwater cleanup at over 300,000 sites 

through 2033 may exceed $200 billion…and many of these sites have experienced 

groundwater impacts” (NRC, 2012).  One approach that has been proposed as a remedy is 

to base site management decisions on flux or mass discharge measurements, rather than 

concentration measurements.  Mass discharge quantifies the contaminant mass being 

transported by the groundwater per unit time (ITRC, 2010).   

The model developed in this study could easily be used to simulate mass 

discharge and flux data.  These data could be used to determine if the mass discharge 

from the source is low enough for other attenuation processes (like degradation or 

sorption) to be considered protective.  A modeling effort that incorporates sorption, 
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degradation, and mass discharge would provide realistic and relevant results for 

environmental regulators and researchers alike. 
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Appendix A 

Definitions 

Advection - Flow resulting from an externally applied pressure difference or from 

gravity/density changes 

Chlorinated Aliphatic Hydrocarbon (CAH) – Term used in this research for dissolved 

phase DNAPL 

Dense Non Aqueous Phase Liquid (DNAPL) – A fluid with a density greater than water 

which is relatively immiscible in water  

Diffusion – Movement of dissolved solute governed by a concentration gradient 

according to Fick’s Law 

Dispersion – The process in which solute mixing occurs during advective transport 

caused by the velocity variations Dissolution – The process of dissolving (e.g., from a 

DNAPL phase to a dissolved phase)  

Enhanced Diffusion – Increased diffusion in a low permeability porous medium  due to 

the presence of cracks in the medium Hydraulic Conductivity – The capacity of a 

medium to transmit water 

Globule–A small round particle (or drop) of a substance 

Maximum Contaminant Level (MCL) – Legal limit for a contaminant in drinking water 

as established by the Environmental Protection Agency  
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Permeability – The measure of ease in which fluid moves through porous material  

Sorption – The binding of a contaminant to porous media 

Upscaled Model – A macroscopic, effective, or field scale domain averaged model that 

incorporates the effects of spatial variations in DNAPL saturations and flow through a 

source zone by using a mass transfer coefficient (Christ, 2006) 

Wettability – the affinity of the DNAPL for a solid surface in the presence of water 

Definition of Units 

In this research effort, when defining variables in equations the units will follow the 

variable in brackets. The units shown below will be used. 

F-Force 

L-Length 

M-Mass 

T-Time 
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